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(Beijing)Abstract This paper aims to unveil neotectonic imprints in topography, drainage and sediments in the
46.25 km long course of the River Chel from its source down to its alluvial fan at the base of the Himalayan
Mountain Front in the DarjeelingeJalpaiguri districts of India. A semi-circular ridge delimits its primary
catchment. Within conﬁnement of this watershed basin the drainage pattern is composite being convergent
along the periphery and divergent on a butte inside. All these geomorphic neotectonic imprints are accom-
panied by ramp and ﬂat structures and spectacular mylonitization of rocks.
High hypsometric index and convex shape of the hypsometric curve derived from the central near-straight
course of the river between the primary catchment and the Main Frontal Thrust (MFT) also reﬂects tectonic
youthfulness of the river course. It is well manifested also in widely variable stream index and stream gradient
index ratios (SL/K) often exceeding 2. In response to neotectonism, this river course as a whole shifted westward
between 1962 and 2007. Maximum reduction of the stream gradient on top of the MFT is eloquent enough about
recent uplift of the thrust ridge. The high average slope gradient of canyon wall about 45.68 is well consistent
with this uplift. Very low channel-width/valley-height ratio along the river further corroborates the uplift.
Thealluvial fan systemof theRiver Chel is comprised ofﬁvemorphogenetic fans stackedoneaboveanotherwith
a tendency to shrink and shift progressively upslope. They differ fromeach other in terms of tilt, axial orientation,
primary depositional surface gradient and convexity in transverse section and thus present a writ of ongoing
tectonism. Progressive upward increase in the share of distal crystalline rocks in clast composition within alluvial
fan package is a clear proxy for southerly advancement of the MFT. Concomitant increase in maximum clast size is
in goodagreementwith sediment sourceuplift. All theﬁve fans are, however, dormant now.Present-dayRiverChel
deeply incises through all of them and suggests further basement uplift in the context of frequent evidences of
neotectonism all around, although the role of climate remains uncertain in absence of adequate data.
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222 S. Mandal, S. Sarkar1. IntroductionRivers cut or ﬁll, alter their channel courses and
geometries, their valleys constrict or widen, fans at
their mouths build up, shift or get abandoned in
response to the rise and fall of their base proﬁles (Blum
and Tornqvist, 2000). The position of a river base
proﬁle changes in response to tectonics and climate.
Tectonics and climate also dictate delivery mechanism
and nature of sediments laid down by rivers (Willett
and Brandon, 2002; Whipple and Meade, 2006). River
geomorphology and sediments may undergo similar
changes under inﬂuence of tectonism and climate,
only crucial combination of features can categorize
one or the other as the prime cause. Work on river
geomorphology was boosted with the advent of remote
sensing in early 1970 (Schowengerdt, 1997) and enor-
mously so by the introduction of free accessibility to
the Google Earth (GE) (Google Inc., 2005). Invention of
highly sophisticated GIS softwares each excelling over
the previous further enhanced penetration of the
related studies in leaps and bounds. Investigation can
now cover a wide region, including areas under vege-
tation cover or inaccessible. Resolution in the study
can be improved manifold by creating contour in-
tervals of any denomination. Vertical proﬁles can be
generated along any transect of choice. Topographic
variability can be enhanced and features like drainage,
deformational structures, lithologic changes can be
highlighted by downplaying the ‘noises’ and above all,Fig. 1 SRTM DEM of eastern Sub-Himalaya and adjacent foothill zon
demarcated: light grey solid outline for the catchment areas, red solid ou
contrasting topographic motif between the Sub-Himalayan hilly terrainthe related parameters can generally be quantiﬁed
(Nadler and Smith, 1993; Wolff and Yaeger, 1993).
A similarly quantitative study has been presented
here in relation to the River Chel in Eastern Himalayas
with the aim to visualize the effect of neotectonism
vis-a-vis climate (Fig. 1). The River has its source
ensconced by the oldest thrust belt (Main Central
Thrust, MCT) and traverses through the two other
younger thrusts (Main Boundary Thrust, MBT and Main
Frontal Thrust, MFT) and debouches onto the piedmont
forming a formidable alluvial fan system. Selection of
the River Chel for the present purpose was prompted
by the fact that most of the Remote sensing views
generated could be rechecked on the ground over the
entire course of the River. The study was conducted
separately in three separate segments because
ambient conditions differed signiﬁcantly between
them. Within the catchment segment two rivulets,
namely Kali and Sel merged to form the River Chel. In
the course segment the river runs almost a straight
course conﬁned within a deep canyon; sediment is
generally in move in this segment. In the piedmont
area sediment is dumped in form of an alluvial fan
system, and the sediments are studied for their
intrinsic properties in this segment because only in this
segment they are allowed to accrete in substantial
proportion.
Besides generating a large body of new geomor-
phological data this paper clearly documents unidi-
rectional lateral migration of the river, relatively more
pronouncedly in the catchment and the piedmonte across the MFT marked by solid white line. The study area is
tline for the hilly track and the pink dashed outline for the fan. Note
and the piedmont (Map of northern India within inset).
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Superposition of ﬁve successive fans differing from
each other in tilt, axial orientation, primary deposi-
tional surface gradient and convexity is a new revela-
tion. Steady increase in maximum clast size in the
sediment and increasing sediment contribution from
the distal northerly source corroborates conclusion of
southerly migration of the MFT. Occurrence of varied
kinds of massﬂow products within the fans is consistent
with the tectonic unrest in the area. Against this
background the deep incision made by the present-day
River Chel into its alluvial fan system appears to be the
result of tectonic uplift of the piedmont area, although
the past record is inadequate to eliminate climate as a
potential factor.2. Geological backgroundThe roughly eastewest elongated Himalayan
Mountain is longitudinally traversed by three major
thrusts which divides it into three tectonic belts. The
oldest and northernmost in position amongst these
thrusts is the Main Central Thrust (MCT). The MCT de-
ﬁnes, in general, the southern limit in occurrence of
crystalline rocks and highly metamorphosed sediments,
mostly of the older Pre-Cambrian age (Gehrels et al.,
2003 and references therein). The MCT appears inac-
tive already (Brozovic and Burbank, 2000; DeCelles
et al., 2001; Meigs et al., 1995). The next in succes-
sion both in age and position is the Main Boundary
Thrust (MBT) in the Eastern Himalayas, where the work
has been carried out, which demarcates the contact
between the lightly metamorphosed Permo-
Carboniferous Gondwanas and the even less meta-
morphosed Miocene-Pliocene Siwaliks (Mitra et al.,
2010). The Quaternary sediments are generally on the
move in the mountainous zone, but accrete rapidly
forming numerous alluvial fans in the foot-hills, on
south of the youngest major thrust, the Main Frontal
Thrust (MFT) (Geddes, 1960). Tectonic movements in
the Himalayan belt are, nonetheless, far more complex
as is amply reﬂected in sets of lineament in diverse
orientation NNEeSSW, NWeSE and EeW (Acharyya
et al., 1976). Numerous local faults and folds add to
the complexity (e.g. Mukul et al., 2007; Valdiya et al.,
1992). The MFT is at present most active and Lave and
Avouac (2001) measured the rate of this upliftment as
~1.5 cm/year from river incisions on the foothills.
Rivers in the Eastern Himalayas are numerous
because of wet but study on them in the mountainous
region is very limited (Seeber and Gornitz, 1983).
Nakata (1989) presented a broad view of the drainagesystem of the area as a whole, but without the backing
of remote sensing the study remained qualitative. It
was, however, noted that many of the rivers follow
tectonic lineaments and the River Chel under focus in
this paper is one of them (Dasgupta et al., 2000).
Nevertheless, several signiﬁcant works on many of
these rivers emerging from the Eastern Himalaya have
been carried out on the foothills (Basu and Sarkar,
1990; Chakraborty and Ghosh, 2010; Chakraborty
et al., 2013; Chakraborty and Mukhopadhyay, 2014;
Fergusson, 1863; Guha et al., 2007; Morgan and Mc
Intire, 1959). Neotectonic effect on these rivers on
the fans is seldom addressed (Chakraborty and Ghosh,
2010 and references therein), although Mukherjee and
Sarkar (1981) noted ﬁve morphotectonic units within
the fan system of the River Tista, in the close vicinity
of the River Chel. Attention has neither been paid to
the morphological parameters of the alluvial fans in
the neighbourhood of the study area as has been done
in western India (DeCelles and Cavazza, 1999; Kumar
et al., 2007; Lave et al., 2005; Singh and Tandon,
2007 and references therein).
The Quaternary sediments on the fans at the Hi-
malayan foothills in eastern India have mostly been
studied on the basis of their lithologies (e.g. Basu and
Sarkar, 1990). Only Chakraborty and Ghosh (2010)
carried out a genetic classiﬁcation of the sediments
of the Tista fan. Sinha Roy (1981) dealt with grain-size
variation in the same fan. Starkel et al. (2008) esti-
mated sediment load of the same river.3. Materials and methodsToposheet nos. 78 A/8, A/12, B/5, B/9 of Survey of
India (1932, 1962e1963), Linear Imaging Self Scanning
Sensor (LISS)-III, Shuttle Radar Topography Mission
(SRTM) and Panchromatic (PAN) satellite images (2007,
2010) acquired from National Remote Sensing Agency
of India and usual ﬁeld equipment served as the basic
tools for this work. The Erdas Imagine 8.5 and TNTmips
softwares were utilized to digitize the 1:50,000 scale
top sheets and to determine varied morphometric
parameters of the watersheds under consideration.
The Global Mapper 10 software helped determine al-
luvial fan parameters like area, length, width, slope
angle and proﬁle sectioning.4. The hilly terrainThe valley of the River Chel is clearly divisible in
two sectors encompassing within hilly terrain namely,
224 S. Mandal, S. Sarkarthe Primary Catchment and the Course running across
the Main Frontal Thrust (MFT). SRTM data were
superimposed on toposheets and processed with the
help of Global Mapper 10 to create a georeferenced
and enhanced DEM for the study area. It clearly elicits
the 1st order regional topographic divide in the study
area which is the MFT ridge separating the rugged hilly
terrain from the much smoothened piedmont (Fig. 1).
4.1. Primary catchment
4.1.1. Landform
A butte enclosed within semicircular catchment
from the River Chel watershed, at the centre on SRTM
DEM, is clearly depicting a tectonic high separating the
two rivers Kali and Sel fromeach other near Gorubathan
(Fig. 2a). In the background of the seismo-tectonic map
produced by Dasgupta et al., 2000; the butte appears to
be related to the Main Central Thrust (MCT) (Fig. 2b, c).
The surface is situated at the height of 700m aboveMSL
and about 380 m above the present river bed of the
Chel. The geomorphic neotectonic imprints are
accompanied by ramp and ﬂat structures (Fig. 2d) and
spectacular mylonitization of rocks (Fig. 2e).Fig. 2 Semicircular catchment enclosing a butte at the center of the SRT
tectonic high separating the two rivers Kali and Sel from each other (m
superimposed on SRTM DEM shows passing of the MCT through the butte
high; c e Ramp and ﬂat structure also in adjacent rocks, the hammer len
hammer is 30 cm (e).4.1.2. Drainage
The drainage pattern along the ﬂank of the semi-
circular catchment area is converging but contrast-
ingly it is diverging or radiating on the butte enclosed
by it (Fig. 3a).
4.2. Course
4.2.1. Landform
The hilly terrain extends across the rest of the
ridge whose northern ﬂank is comparatively gentler
than the southern ﬂank sloping overall around 37. The
eastern ﬂank of the valley is always steeper than the
western ﬂank and the maximum steepness recorded is
~45.68 within the course.
4.2.2. Drainage
The drainage pattern within the course is dendritic
at places and parallel or sub-parallel elsewhere
(Fig. 3b). The river is almost straight being conﬁned
within a deep canyon incised through hard rocks
allowing only short meander loops. Signiﬁcantly theM DEM for the River Chel watershed. Note that the butte is clearly a
arked in Fig. 1). a e Seismotectonic map (Dasgupta et al., 2000)
in ‘a’; b e Field view of the butte, the arrowed electric pole is 9 m
gth is 30 cm (d); e e Mylonitization in the vicinity, the length of the
Fig. 3 The drainage pattern in the semicircular primary catchment converging along the margin and diverging or radiating on the butte
demarcated by dotted line on the butte enclosed by it (a). Drainage pattern within the hilly track is dominantly parallel or sub parallel (b).
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parallel to a tectonic lineament recognized by
Dasgupta et al. (2000).
4.3. Neotectonic aspects of hilly terrain
The features depicted along the primary
catchment and course of the entire valley of the
River Chel across the MFT conﬁne within the hilly
terrain can be best exempliﬁed as neotectonic
imprints and herein described through following
attributes:Fig. 4 Determination of valley ﬂoor width to height ratio4.3.1. Valley ﬂoor width to height ratio (Vf)
Topographic proﬁles of the transverse section of
different transect of valleys along theRiver Chel studied
in the area, obtained from SRTM DEM which has been
accomplished by using the GIS software Global Mapper
10. Different parameters thus have been estimated
from the SRTM DEM as follow: Vfw being the width of the
valley ﬂoor, and Eld, Erd, and Esc being the altitudes of
the left and right divides and the stream respectively,
then the valley ﬂoor width-valley height ratio (Vf) (Bull,
1977, 1978; Bull and McFadden, 1977) is deﬁned as,(Vf) of the present-day Chel River on its fan system.
226 S. Mandal, S. SarkarVf ¼ 2Vfw
½ðEld  EscÞ+ðErd  EscÞ (1)
The river valley ﬂoor width to height ratio Vf in the
River Chel on north of the MFT Ridge Crest ranges from
0.23 to 0.25 and 0.29 to 0.4 on the southern scarp face
(Fig. 4).
4.3.2. Basin elongation ratio (Re)
Horizontal projection of basin shape may be
described by the elongation ratio, Bs (Ramiez-Herrera,
1998) expressed by equation Bs = Bl/Bw, where Bl is the
length of the basin, measured from its outlet to the
most distal point in the drainage divide and Bw is the
width of the basin measured across the short axis.
Basin elongation ratio (Re) in the Chel watershed is
0.35 not exceeding the value of tectonic unrest i.e. 0.5
(Fig. 5a). The basins on the southern ﬂank of the ridge
are distinctly smaller and more elongated than those
on the northern ﬂank (Fig. 1).
4.3.3. Hypsometric analysis
Calculation of hypsometric integral requires to
measure maximum and minimum elevation for aFig. 5 a e Basin elongation ratio of the watershed of the Chel River;
conﬁnement of the hilly terrain. Note convexity of the curve and the v
(elevation in m) against L (stream length in m) and SL (stream gradient
graded proﬁle is represented by the straight line.studied watershed. It has been carried out through
digitization of contours by using Global Mapper 10 on a
mosaic of georeferenced LISS-III images superimposed
on SRTM DEM. Area of the watershed can easily be
determined by polygonal enclosure encircling along
water-divide. Hypsometric analysis of the topography
was conducted along valleys of Chel spread all over the
studied hilly terrain. Hypsometry is the relative portion
of area at different elevations within a region (Strahler,
1952). The hypsometric integral [HI = (Emean − Emin)/
(Emax − Emin), where Emean = Mean elevation,
Emax = Maximum elevation, Emin = Minimum elevation ]
(Keller and Pinter, 2002; Strahler, 1952) obtained range
is 0.67. The hypsometric curves constructed by plotting
the ratio between relative area against relative height
(Strahler, 1952) for successive equal contour intervals
along this valley revealed a common tendency for being
convex, at least at its downcurrent ends (Fig. 5b).
4.3.4. Stream-length gradient index
Determination of stream-length index (Hack,
1973a,1973b) or stream gradient index (Burbank and
Anderson, 2001; Seeber and Gornitz, 1983), requires
measurements in successive equal contour intervalsb e Hypsometric curve and index for the Chel River (Fig. 1) within
alue of hypsometric integral herein. c e Semi-logarithmic plot of H
index) variations along the Chel River within the hilly-terrain. The
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It uses the formula S = DH/DL, where DH is the altitude
difference and DL is the horizontal distance between
the two end points of a measured stretch. The L
measures the distance of the midpoint of a stretch
from the apex of the watershed basin ensconcing the
river. Demarcation of watershed, measurement of L
and H have been carried out through generation of
contour at equal interval by using Global Mapper 10 on
a mosaic of georeferenced LISS-III image superimposed
on SRTM DEM. The plot of H against L reveals repeated
ﬂuctuations in stream gradient, often to a large
magnitude, along the course of the River Chel
(Fig. 5c). The stream gradient index (SL) for this river
likewise varies widely from 33.6 to 1105.6, while
segment-wise channel slope ranges from 0.09 to
21.31. The full stream length within the hilly terrain is
around 16 km, while the elevation difference between
the catchment apex and the downstream endpointFig. 6 a e Stream gradient variation in successive straight segments on
terrain. Note that river attains minimum gradient at the MFT; b e A clear
superimposing the satellite image of the year 2007 (yellow line) on the ge
more pronounced shift of one of the tributaries between 1962 and 200
course of the Chel River in the hilly terrain. The arrow in its barren p
(Fig. 5c). The vegetated and sediments covering upstream and downstrwithin the same terrain is around 1991 m. Seeber and
Gornitz (1983) introduced symbol ‘K’ as ‘gradient
index (topographic)’ for the entire river proﬁle under
study and for the River Chel within the same terrain it
turns out to be 1352. These authors held that the
gradient index ratio ‘SL/K’ is an useful proxy for
topographic relief variation and in the case of the River
Chel in the hilly terrain it is 0.36e2.36. The variability
of SL/K is rather limited in case of the studied portion
of the river.
4.3.5. Overall stream-gradient
To magnify this possible tectonic control, as a test
case, the gradient of a river within conﬁnement of the
study area is measured in successive near-straight
stretches oriented differently from their adjacent
counterparts. The gradient in degrees (q) is derived
from Atan of elevation difference/horizontal distancetwo sides of the MFTwith reference to the Chel River in the hilly-
shift of the entire river system in the area westward documented by
oreferenced top sheet of 1962 (red line) in the hilly terrain. Note the
7 within the primary catchment area; c e Satellite imagery of the
art corresponds to the convex tip of the Hack's proﬁle of the river
eam parts correspond to the concave parts of the same.
228 S. Mandal, S. Sarkarbetween the two ends of a studied stretch. The River
Chel in the study area, which runs across the MFT is
tested in this way. The gradient turns out to be the
minimum at the MFT ridge crest (Fig. 6a).
4.3.6. Drainage pattern
As rock characteristics can affect drainage pat-
terns, it is of no surprise that the interpretation of
drainage patterns has proven to be a powerful tool for
analyzing and better understanding structural geology
(Hills, 1961, 1963; Twidale, 2004). Under conﬁnement
of individual watershed basins the drainage pattern is
predominantly dendritic, but may also be trellis, sub-
parallel, parallel, rectangular and rarely radial on
the northern ﬂank of the MFT Ridge Crest (c.f. Howard,
1967) (Fig. 3a). In contrast, there is a clear dominance
of parallel, sub-parallel and rectangular patterns on
the southern ﬂank of the same ridge (Fig. 3b).
4.3.7. Stream order
Stream order that sorts out successive downstream
convergence of rivers, irrespective of methodology
adopted (Horton, 1945; Strahler, 1952), shows distinct
preference for higher orders on the northern ﬂank than
on the southern scarp of the MFT ridge. A clear
distinction also arises in 1st order streams which have
considerably higher gradients on the southern ﬂank
than on the northern ﬂank of ridge.
4.3.8. River migration
A clear shift of the entire river system in the area
westward has been documented by superimposing the
satellite image of the year 2007 on the georeferenced
toposheet of year 1962 (Fig. 6b).
4.4. Interpretation
Contrasting landform character across the MFT
makes contrasting tectonic grains evident. On the
north, tectonic imprints are preponderant. Erosion
dominates as much as to keep the sediments
constantly on move so that minimal rate of net sedi-
mentation is maintained. Exception is noticed only in
isolated pockets where possibly the rate of subsidence
had been unusually high. On the south of MFT, the
situation is diametrically opposite. In contrasting tec-
tonic quiescence sediment aggradation is the rule here
and the tendency for peneplanation is overwhelming.
The drastic change in erosion-deposition balance
across the MFT is well manifested also in the channel-
width/valley-height (Vf) ratios of river valley.Experimental results manifest that basin-ﬂoor uplift
results in deeper and narrower river valleys at north-
ern ﬂank of MFT, and valley broadening is expected
through lateral migration or avulsions of river channel
during periods of tectonic stability or basin subsidence
at southern ﬂank of MFT. Both on the north and south of
the crest of the MFTridge deep and narrow incisions of
the river valley made on bare hard basement suggest
drop of base proﬁle because of either basement uplift
or climatic shift to aridity (cf. Blum and Tornqvist,
2000). Comparison of rainfall data between the
Miocene period (Mandal et al., 2014) and the recent
times (averaging over last 40 years) data collected by
the Ofﬁce of Meteorological Society of India, Darjee-
ling District reveals a climatic shift to aridity, but only
in a modest scale. Burbank et al.s' (2012) data
collected from a Western Himalayan station reveals a
comparatively greater degree of shift to aridity.
Starkel et al. (2008), on the contrary, reports a shift to
humidity over the last century from an eastern Hima-
laya station. Agreeably, the record regarding the past
climate of the study area is inadequate, but whatever
available does not permit us to hold climate as the
major cause for incision of such deep and narrow river
valley. On the other hand, in the background of mul-
tiple evidence of neotectonic activity in the area dis-
cussed herein, basement uplift appears to be the cause
for this river incision, though not unambiguously.
The contrast in elongation ratio of basin recorded
on the two ﬂanks of the MFT ridge clearly owes to the
comparatively steeper slope gradient of the southern
ﬂank and is a clear manifestation of neotectonism.
The high hypsometric index (>0.5) obtained from
the entire river valley studied herein strongly suggest
youthfulness of the regional topography (Strahler,
1952), defying whatever erosional remoulding the
river might has effected. The common tendency of the
hypsometric curve for being convex-upward further
corroborates the same fact (Chen et al., 2003). Bed-
rock lithology seemingly does not have much inﬂu-
ence in this regard. It is generally hard; either meta-
morphosed crystalline rocks or sandstones. In bedrock
areas the drainage pattern depends on inter alia the
basement lithology, slope, and arrangement as well as
spacing of lithologic and structural weak planes. It is
expected to be random in absence of much of a slope,
turn dendritic on moderate slope, parallel on steeper
slope, form trellis or assume rectangular network in
deeply incised systems, especially those traversed by
diversely oriented structural weak planes, and
converging in bowl-like basins, while radiating on
domes in the primary catchment of the River Chel.
Comparatively greater deviation from randomness in
drainage pattern is observed on the southern MFT
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slope gradient.
While correlated with the previously noted east-
ward increase in ridge height with respect to western
ﬂank of the valley, this observation clearly points to
higher rate of uplift of the MFT eastward; additional
push from the Arakan plate on the east had possibly be
responsible.
The same contention has been further corrobo-
rated by a clear shift of the entire river system in the
area westward documented through present study
which speaks eloquently about the inﬂuence of
neotectonism.
The upliftment of MFT has been further subjected
by the documentation of the HeL (semi-logarithmic)
plot or the Hack's proﬁle which clearly records down-
stream ﬂuctuations in channel-gradient along the
entire studied river. Plots of Stream Gradient Index
(SL) vs Stream Length (L, semilogarithmic) present
accentuated depictions of the same (Fig. 5c). The
concavo-convex geometry of the Hack's proﬁle for the
entire River Chel manifests signiﬁcant spatial changes
in pattern of disequilibrium with respect to the graded
proﬁle. This change without any lithologic correspon-
dence can hardly be explained by climate which is a
regional feature; a role of differential effect of tec-
tonics cannot be denied (Brookﬁeld, 1998). It has been
notiﬁed that the Hack's proﬁle for the River Chel,
though broadly concave, has a short middle part
convex and in Google imagery this part appears rocky
and barren, while sediment accretes and thick vege-
tation grows both upstream and downstream of this
barren stretch (Fig. 6c). Apparently the basement
uplift rate had been laterally differential; the middle
part was uplifted comparatively at a faster rate.
SL in case of the River Chel changes signiﬁcantly at
MCT. The changes at MCT can still be attributed to
lithological changes: transition from high to low grade
metamorphic rocks (cf., Hack, 1973a,1973b; Seeber
and Gornitz, 1983). Tectonic effect cannot be ruled
out despite the fact that MCTceased to be inactive long
back (Brozovic and Burbank, 2000; DeCelles et al.,
2001; Meigs et al., 1995); in case of Arun River,
Seeber and Gornitz (1983) attributed such a deﬂection
without correspondence to lithological change to the
Basement Thrust Front (BFT) underlying the MCT.
SL/K or gradient-index ratios in the present
endeavour for entirely studied River Chel nowhere
exceeds 4. Steep gradient (SL/K ≥ 2, Seeber and
Gornitz, 1983) does not, however, correspond to any
of the regional thrust elements or lithology changes in
the study area.
The coincidence of entirely chosen river spread
over a distance of ~46.25 km achieving minimumchannel gradient at the MFT ridge crest which unhesi-
tatingly points to tectonism as the cause. This loss of
channel gradient must have caused widening of valley
ﬂoor widths and that, in turn, explains the somewhat
higher values of Vf immediate downstream of the MFT
ridge crest. It is worth mentioning that Lave and
Avouac (2000) estimated the rise of MFT at a rate up
to about 1.5 cm/year from river incision in and around
our study area.
Comparatively more frequent occurrence of par-
allel and semi-parallel patterns manifests even
steeper slope on the southern ﬂank of the MFT ridge.
The composite drainage pattern, radiating at the
center and converging on the semi-circular ﬂank of the
watershed basin at the primary catchment of the River
Chel is one of the ﬁnest manifestations of tectonic
control on drainage (Fig. 3a). High degree of myloni-
tization and ramp-ﬂat structure associated with MCT in
the locality makes past tectonic activity evident and
the composite drainage pattern bears its signature still
fresh (Fig. 2d, e).
From the aforementioned different attributes en-
tails neotectonic activities which are associated in the
hilly terrain and most conﬁrmingly the upliftment of
the MFTwithin the studied region.5. The alluvial fanAmong the numerous alluvial fans present along
the base of the MFT of the Himalayan Range those in
western and central India are comparatively better
studied (Kumar et al., 2007 and references therein;
Lave and Avouac, 2000; Lave et al., 2005; Tandon
et al., 2008). In the study area in eastern India, the
Tista and Neora fans received some attention,
although neotectonic features intrinsic within the fans
are seldom addressed (Chakraborty and Ghosh, 2010;
Ghosh et al., 2005; Guha et al., 2007; Meetei et al.,
2007). These authors considered the fans they stud-
ied as single units, although remote sensing study of
Mukherjee and Sarkar (1981) recorded ﬁve different
morphogenetic units in association with the River
Tista. Improved quality of satellite imageries and
corresponding ground checking used in this study
strongly corroborate the latter view and identify ﬁve-
component fan system in relation to the River Chel
(Fig. 7). The fan system is numbered 1e5 in chrono-
logic order from the youngest to the oldest. Firstly,
within this fan system the fan components have pro-
gressively shortened and tended to migrate upslope
through successive generations. As a result, the fans of
younger generations are often found to encroach upon
the Middle Siwalik bed-rock on their upslope ends
230 S. Mandal, S. Sarkar(Fig. 8a), while they rest on the fans of preceding
generations downslope. Since fans of successive gen-
erations have shrunk towards the fan apices, an older
fan underlies the next generation fan in the upslope
part and contemporary ﬂuvial deposit downslope. It is
signiﬁcant to note that the contacts between deposits
of successive generations are commonly found to be
well demarcated by prominent ferruginous crusts and
rootlet marks are associated with them in many pla-
ces, in the entire fan system studied here (Fig. 8b, c).
Secondly, all the fans in the River Chel fan-system are
virtually dormant now, because the presently active
channel has made deep cut through the entire fan
system.
5.1. Neotectonic aspects of alluvial fan
The morphological as well as sedimentological
features deciphered within the alluvial fan of the River
Chel can be best exempliﬁed as neotectonic imprints
and herein described through following attributes:
5.1.1. Fan morphology
Some important morphological and directional
details of the fans in the entire fan-system of the River
Chel are presented in Table 1. The fan attributes as
mentioned in Table 1 are calculated by superimposingFig. 7 Alluvial fan system belonging to the Chel River (yellow line).
Note that ﬁve morphogenetic fans (numbered 1e5 from the youn-
gest to the oldest) comprise the fan system.georeferenced satellite imageries (LISS-III) on SRTM
DEM and are processed with Global Mapper 10. In the
fan system, through time the fan became compara-
tively smaller and steeper.
Surface gradient of the fan in elongation directions
increased overall through time. The signiﬁcant short-
ening of the fan through successive generations has
been well manifested by decreasing area coverage and
sediment storage (Fig. 7) (Table 1).
5.1.2. Fan tilt and fan axis orientation
The basic principle behind the phenomenon of fan
tilt is that, in the absence of tilting an alluvial fan can be
described as a symmetrical half-cone with topographic
contours on the surface deﬁning concentric semi-
circles. But in case of tilting, the contours on the sur-
face will represent segments of ellipses with their long
axes oriented parallel to the direction of tilting (Pinter
andKeller, 1995) (Fig. 9a). The angle of tilt of the fan (b)
can be calculated using the following equation:
b = arccos [{(b/a)2 sin2a + cos2a}0.5]
where, a is the original depositional slope,
measured from the slope along the minor axis of the
ellipse, a is the half of the length of the major axis of
the ellipse and b is the half of the length of the minor
axis of the ellipse. Themeasurement has been made by
superimposing georeferenced mosaic of satellite im-
ageries (LISS-III) on SRTM DEM and processing them
with Global Mapper 10 for the study area (Fig. 9a). For
the fan system, a plot is generated to detect temporal
trend, if there is any. The plots clearly demonstrate
similar overall increase in tilt of fan-base in successive
generations within the entire fan system (Fig. 9b, c).
The no. 2 fan in the fan system tilts at inordinately
steeper angle than the others (Fig. 9b).
5.1.3. Fan convexity
In transverse section, the convex-upward proﬁles
in variable degrees including all the components of fan
have been documented within the fan system studied
herein. The estimation of the convexity of any fan in
the system, the shortest circle that circumvents all the
protuberances as well as the end points of the fan
proﬁle is constructed. The degree of convexity of the
fan proﬁle is taken as the reciprocal of the half the
circle radius or, in other words, the focal length of the
proﬁle curvature (Fig. 9d). Since apices of the older
fans are covered by the younger fans, measurements
on all the fans are carried out at the downfan fringes
Fig. 8 a e The youngest fan (1) of the Chel River fan system overlies the Middle Siwalik sandstone directly omitting the older fans; b e
Locations of iron-encrusted contact as well as rootlet-infested soil horizons between fan nos. 2e3 and 3e4 within the fan system of the River
Chel; c e Field photograph of iron encrusted horizon between fan no.s 2e3.
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vexity of the transverse fan-proﬁle increases progres-
sively through generations (Fig. 9e).
5.1.4. Facies
Comprehensive specialist sedimentological anal-
ysis on alluvial fan was carried out in regional
perspective but not in detailed here, so that thisTable 1 Various morphological parameters of fans of different genera
Fan system
Fan no. 2
Estimated axial length 7.49 km
Maximum width at right angle to axis 6.44 km
Area coverage (surface) 29.67 km2
Estimated height 560.83 m
Maximum sediment storage 40.64 km3
Longitudinal proﬁle geometry Concave up
Transverse proﬁle geometry Convex up
Overall surface gradient in elongation direction 2.26
Downfan axial orientation 17910045.900paper intends to improve the sedimentological insight
about the Quaternary sediments of the eastern India.
The entire fan system is predominantly siliciclastic,
ranging from gravel to mud, unconsolidated and
containing wood fragments. OSL (Optically Stimu-
lated Luminescence) dating of essentially similar
sediment in the close vicinity yields an age about
3e40 Ka (Kar, 2015). It is worth mentioning that the
entire studied fan system occupies the similar uniﬁedtions in the studied fan system herein.
Chel River
1 3 4 5
3.25 km 11.09 km 7.62 km 23.95 km
2.29 km 5.84 km 7.45 km 10.77 km
3.81 km2 68.75 km2 76.03 km2 215.4 km2
415.46 m 278.29 m 197.22 m 164.61 m
2.22 km3 49.48 km3 55.33 km3 363.45 km3
Concave up Concave up Concave up Concave up
Convex up Convex up Convex up Convex up
2.64 0.39 0.38 0.18
17834053.500 1375800.300 2061008.600 15912048.400
Fig. 9 a e Diagram showing ﬁtting of ellipses and calculation of tilt in the Chel River fan system (fan no. 3), contour interval is 25 m (a); b e
Plotting of tilt against sequential no. of fans depicting overall increasing trend of increasing tilt through time; ce Trends of temporal variations in
parameter of fans of different generations (numbered from the youngest to the oldest) in the fan system belonging to the Chel River: Axial
Orientation;deMethodologyof convexitymeasurement from inverseof radiusof the smallest circle circumventingall thepromontoriesaswell as
the end points of the 1st fan; e e Plot of degrees of convexity of successive fans depicting and increasing trend through time.
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Fig. 10 a e Some signiﬁcant examples for Gravel facies: Reverse graded (Gmi); b e Matrix supported massive gravel (Gmm); c e Clast
supported gravel (Gcm) e massive, chaotic; d e Normally graded poorly sorted (Gmg); e e Cross-stratiﬁed clast to matrix supported gravel
(Gmx).
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recognized. Among them four mass-ﬂow products
have also been detected (Fig. 10aee). Their cryptic
descriptions and interpretations are presented in
Table 2.
5.1.5. Clast size and composition
Plotting of maximum clast size in every fan is
determined following the usual practice of takingaverages from 10 largest clasts in every outcrop chosen
for the purpose (Pettijohn et al., 1972). It is signiﬁcant
that maximum clast size increases almost steadily
from the oldest towards the youngest fan in the stud-
ied fan system (Fig. 11a).
The clast compositions are plotted in histograms
against the % of clast composition vs no. of fans and it
is determined here in the studied fan from their
massﬂow facies (Fig. 11b) as they make the most
faithful representation accounting for limited or non-
Table 2 Sedimentary facies in the studied Quaternary fan system.
Facies
designation
Facies name Facies description Facies interpretation
Gcm Clast-supported
massive gravel
The facies is of clast-supported fabric
without any discernible order in
distribution or orientation. Wedge-like
body geometry is typical and often the
wedges pass laterally into cross-stratiﬁed
sediment with abrupt ﬁning.
Scree accumulated at base of slope. The
down wedge ﬁning and cross-
stratiﬁcation are attributable to its
reworking.
Gh Matrix-supported,
stratiﬁed gravel
The gravel deposit is clast-supported.
Despite having pronounced or feeble
bed-parallel orientation and imbrication
of clasts, the deposit is poorly sorted.
The clasts have rounded edges, although
the majority are tabular in shape. Most
beds are tabular in shape and may have
planar or scoured base. Some are too thin
to accommodate more than one or two
clasts.
The facies is a bed-load product. Clast
size, orientation and enrichment speak
for high energy ﬂow. Local scours at base
indicate initial high turbulence that
evidently was suppressed subsequently.
The ﬂow had possibly been ephemeral,
draining away eventually. The very thin
sheets are obvious products of sheet
channel-ﬂow (Enos, 1977; Fisher, 1971;
Hein, 1982; Long, 2011)
Gmi Matrix-supported
reverse graded,
poorly sorted gravel
The gravel bodies are characterized by
convex upward top and ﬂat base, larger
clasts tending to concentrate on the top
and the lateral margins imparting
reverse grading. Matrix content is
moderate. In some examples matrix
content tends to increase towards top of
beds, while the smaller and tabular-
shaped clasts dominate the basal part,
and they display pronounced
imbrication. The facies is relatively rare
in occurrence.
The sediment appears to be a high
density modiﬁed grain-ﬂow product
(Davis et al., 2002; Gani, 2004; Lowe,
1976; Mack and Rasmussen, 1984; Mulder
and Alexander, 2001; Nemec and Postma,
1993). Collision and near-collision
between clasts gave rise to dispersive
pressure which resulted in reverse
grading. Pronounced clast-imbrication
within the lower part of the bodies arose
because of stronger shear generated by
basal friction.
Gmx Matrix-supported crudely
cross-stratiﬁed gravel
grading upward into sand
The facies is of a clast-supported gravel
bearing crude x-strata and having
convex-upward geometry, turning
increasingly sandy towards top.
The facies is inferred as sieve deposit
(Todd, 1989). Sand inﬁltrated a gravel
bedform that ceased migration as the
ﬂow waned because of rapid water
percolation down through porous
sediment.
Gmg Normally graded, poorly
sorted gravel
Clast-supported gavel rapidly turning
matrix-supported upward and clast-size
decreases concomitantly.
Debris ﬂow turned ﬂuidal enough to
allow clasts to sink within the ﬂow.
Coarser clasts sank faster.
Gcx Cross-stratiﬁed clast to
matrix-supported gravel
Clast to matrix-supported gravel with
pronounced steeply imbricated pebbles.
Imbricated pebbles in rows deﬁne cross-
strata. Examples are extremely rare and
their geometries are indeterminable.
This coarse grained facies presumably
formed as a bar within channel thalweg.
Gmm Matrix-supported massive
gravel
This gravel deposit is matrix-supported,
very poorly sorted and massive. Clasts
are chaotically arranged. The lower
bedsurface is ﬂat, but protruding clasts
make the upper bedsurface irregular.
This facies is a likely cohesive debris ﬂow
deposit. High matrix strength prevented
the clasts to sink. As a result, some of the
large clasts protrude above the upper
bedsurface.
Sm Massive pebbly sand This sand is dominantly massive or faintly
cross-stratiﬁed with sparsely distributed
ﬂoating over-sized pebbles.
The facies is a likely product of ﬂash
ﬂood. Floating over-sized pebbles
despite the likely non-cohesive nature of
the sediment can be best explained by
the rapid deposition during ﬂash ﬂood.
SGt Trough x-stratiﬁed
pebbly sand
In this facies the pebble component
tends to demarcate the foreset bases.
The facies body has ﬂat base and convex-
upward top.
The facies appears to be a result of in-
channel migration of bedforms.
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Table 2 e (continued )
Facies
designation
Facies name Facies description Facies interpretation
Shg Planar laminated graded
sandstone bedset
This sand facies is coarse to ﬁne grained
and internally characterized by planar
laminae and distinct grading through
them. The facies is often present in
multiple superposed units and these
multiple units are also overall ﬁning
upward.
This facies is a high energy in-channel
sheet-ﬂow deposit probably as linguoid
bars. The grading observed within every
unit possibly records seasonal decline in
water discharge and the overall ﬁning-
upward trend through superposed
multiple units is a likely result of longer
cycles of ﬂow decline despite seasonal
events of enhancement.
Sh Planar laminated sand Planar laminated sand with sheet-like or
tabular geometry generally overlying
cross-stratiﬁed sandy gravel.
Sheet ﬂow product, possibly generated
by reworking of bar-top sediment during
falling water stage.
Fr Mud This facies is characterized by mudstone
bodies having tabular geometry;
however, their surfaces may be knobby.
They may bear ﬁne planar laminae but
more often than not look massive and
bear many root casts. Rootlets often
concentrate along the top surfaces of the
beds. Multiple units of this facies may
stack up vertically.
This is a low energy product of overbank
origin. The contention is further
corroborated by the presence of
rootcasts. Preferred concentration of
rootlets along bed top surfaces suggests
the existence of omission surfaces,
perhaps representing intervals between
successive ﬂoods. The vertical stacking
of this facies manifests subsidence.
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were traced into the older formations in the area on
the basis of their mineralogic and textural criteria.
Highly metamorphosed crystalline granitic gneiss
fragments are likely derived from the north of the MCT
typically exposing the oldest Precambrians in the area
(see Section 2). The schist fragments displaying
interlocking texture were delivered from the lithologic
belt of the Proterozoic age and most of the lightly
metamorphosed phyllite and sandstone fragments are
possibly derived from the Gondwanas exposed be-
tween the MBT and the MCT whereas sandstone frag-
ments still retaining clastic texture from the Siwaliks
exposed between the MBT and the MFT. Clast compo-
sition percentages are also determined withinFig. 11 a e Plot of maximum clast size against the numbers of fans wh
within successive fans in the studied fan system.rectangles whose dimensions varied to include at least
one hundred clasts in every outcrop; larger the clasts
larger are the rectangles. The youngest most fan is
comprising of the clast of older formation rocks and
beside the histogram also delineates the gradual
depletion of igneous parentage rocks from younger to
older generation of fans (Fig. 11b).
5.1.6. Valley-ﬂoor width to height ratio in alluvial
fan
The river channel conﬁnes within the piedmont
area are no more aggradational, but deeply incisive.
The deep incisions have been measured through
valley-ﬂoor width to height ratio, designated as Vf inich they belong to; and clast b e Composition in mass ﬂow products
Fig. 12 ae Transverse valley proﬁle of the Chel River sculpted by unpaired terraces connected by dashed lines. Altitudes are shown inmeters;
be Field documentation of terraces, T1 is the youngest and T3 is the oldest; ce The plot of H against L reveals repeated ﬂuctuations in stream
gradient along the course of the River Chel on the piedmont; Note that the stream gradient index (SL) likewise varies widely; d e Migration of
the River Chel on the piedmont from year 1932 through 1962 to 2007 recorded. Note little shift is recorded between 1962 and 2007.
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and 0.42. The valley walls at many places are stepped
in form of multigeneration terraces, predominantly
unpaired and some of them are tilted (Fig. 12a, b).
Also at many places of the river cuttings are now left as
wind gaps and at other places remain as active channel
(Fig. 12a).
5.1.7. Stream-length gradient index in alluvial fan
On the fan-system the H/L (height/length) (semi-
logarithmic) curve is concave-upward, though not
without nascent convexity (Fig. 12c). The SL, K and SL/
K values for the River Chel on the piedmont area are
52.9 to 453.99, 1352, 0.62 to 1.52 respectively. In this
portion of the river the segment-wise channel slope
ranges from 0.07 to 1.51 and the stream length is
around 27 km. The elevation difference between the
two end-points of this river stretch is around 239 m.
5.1.8. River migration
The documentation of persistently westward
shifting course of the River Chel, conﬁned within the
alluvial fan that rest on piedmont showing similar
pattern as observed in the hilly terrain, has been car-
ried out through the revelation of SRTM DEM super-
imposed on georeferenced toposheets from 1930 to
1962 through 2007. The migration rate computed from
the measured data is 13 mm/year (Fig. 12d).
5.2. Interpretation
Recognition of multiple genetic components which
are revealed by internal variations in fan dimension
and orientations within the River Chel fan system
addressed through the present work. The contention
of multiple generations of fan is further enhanced by
the overall increasing trend of fan tilt amount
discretely through the perceived successions of
different generations. Uplift of the MFT in successive
stages is implied.
Ferruginous coats and rootlet concentrations on
bed surfaces occur at many levels even within a single
fan succession and the implied age difference between
vertically juxtaposed beds signify nothing more than
the usual laterally discontinuous sedimentation
observed on alluvial fan world over (Miall, 1976).
Regional factor like tectonism or climate must have
been responsible for these wide spread discontinuities
in alluviation. Many of the mass-ﬂows recorded are
likely to be related to seismic events.
The River Chel fan in successive generations be-
comes narrower and taller which is in consonancewith the overall increase in convexity of fan-proﬁle
through time. The reason may be either climatic
transitions to aridity or uplift of the MFT. Progressive
increment in contribution from crystalline rocks in
the fan sediments supports the latter option
(Fig. 11b; DeCelles, 1994; Oriel and Tracey, 1970).
The tendency of the fan to shrink and shift their
apices upslope on bare basement rocks through suc-
cessive generations also favours the tectonic cause
rather than the climatic one. The overall increase in
maximum clast size through fans of successive gen-
erations further corroborates this contention of
source uplift (Fig. 11a). However, in absence of
adequate palaeoclimatic data the role of climate
cannot be ruled out altogether.
The Vf ratios (<0.5) derived from the transverse
proﬁles of valley of River Chel testify highly ungraded
nature (Bull, 1977, 1978; Bull and McFadden, 1977).
Besides the neotectonic effect again elicits from the
ungraded curve derived out from upward concavity of
the H vs L (semilogarithmic plot) for the entire river
studied in this section. The immediate cause must be
base proﬁle fall, but the ultimate control must be
either tectonism or climate. Evidences depicting MFT
uplift as being manifested in hilly terrain, likewise the
attributes of alluvial fan system also indicates the
same contention for base proﬁle fall and thereby, in-
crease in discharge rate. Hence destruction of the
entire fan system was induced by increase in discharge
in River Chel. Nevertheless the ultimate cause had
been tectonism instead of climate.6. ConclusionsVaried, interlinked landform, drainage and
sedimentation-related attributes of the Sub-
Himalayan region and adjacent foot-hills in the study
area proclaim neotectonism during the Quaternary.
High hypsometric indices and convex hypsometric
curves derived from the River Chel in the region testify
youthfulness of the hilly terrain, mostly devoid of
sediment cover. Distinct difference in drainage
pattern, stream order, 1st order stream gradient on
two ﬂanks of the MFT ridge is in consonance with its
tectonic youthfulness. The River Chel in the entire
study area achieves minimum channel gradient on top
of the MFT ridge which documented its uplift.
The piedmont fan system belonging to the River
Chel is comprised of ﬁve fans stacked one above
another. Ferruginous crusts and rootlet concentra-
tions all along the contacts between the vertically
juxtaposed fans point to formidable sedimentation
238 S. Mandal, S. Sarkarhiatuses in regional scale between successive fan
generations. Similar pattern of overall secular incre-
ment in fan-tilt, original fan slope and fan convexity
through the entire fan system further indicates that
regional tectonics punctuated fan sedimentation in
ﬁve discrete episodes. Four mass ﬂow types out of 14
sedimentary facies, present in good frequency are
consistent with intermittent tectonic disturbances,
though not unequivocally. Through time the fan
became shorter, steeper and more convex, and ten-
ded to move upslope because of uplift of the Main
Frontal Thrust (MFT). Progressive increment in
maximum clast size upward through successive fans is
in consonance with increasing contribution from the
distal northern source of crystalline rocks and cor-
roborates the contention of progressive southward
migration of the MFT. Present-day river, nonetheless,
incises deep through the sediment pile leaving the fan
system dormant. In the context of the large body of
evidences of neotectonic activity along the river
course this incision appears to be caused by basement
uplift, although poor record prevents assessment of
the role of climate.
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